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. ) SUMMAEY

The knock-limited performance of nine fusls, comprising lsolated
members of four clasees of hyizecarbons (aromatics, paraffins, cyclo-
paraffins, and olefina), 1s presented in ths Fform of three-dimensional
plots of fuel=-alr retio, compression temperature, and compression-alr
density. The plots are based oa s correlation that is shown to apply
for these fuels over a wids rangs of compreseion retios and inlet-alr
temperatures. The significance of the texrm "temperature sensitivity”
is sketched, and. it is emphaesized that no generallzed numwber such as
octane -mumber can be applisd even to members of a given class of hydro-
carbons when broed ranges of engine severity are encountered.

INTRODUCTION

One of the aims of fundamental studles of fusl knock 1s to
define the knocking characteristics of the fuel in such a manner as
to be independent of the test engine and the test conmditione. Com-
parison rating scales (such as octanse number) pertly eccomplish this
alm but they do not indlcate the magnitude nor the trends in engins
performarce with englne conditions and, furthermore, the reference
fuel iteelf 1s not rated in texrms of absolute units. The use of end-
gas densilies and temperatures to define the knock-1imited performance
of a fuel was suggosted in reference 1 as a means of mitigating these
disadvantages. Any.calculation of the end~-gaes denslity and temperature
in terms of normally measured engine -variables, however, 1s-complicated
and uncertein enough to suggest that a more easily-calculated dénsity
and temperature might be used. In reference 2 the. campression-air



2 NACA ARR No. FEELS

density when the piston is at top center is plotted against the com-
oreselon temperature as calculated by adiabatic-campression formulas.
This plot was found to be effective in correlating the effects of
campression ratio and inlet-alr temperature upon the knock-limited
Performance of a CFR englne. Tests conducted by Pratt & Whitney Air-
craft showed the plot to be equally effective for data teken on an
R-1830 C-9 single-cylinder engine.

In the present revort the correlation presented in reference 2 is
applled in evaluating most of the types of fuel currently used or
being considered for use in reciprocating aircraft engines.

The date for this report were obtained at the NACA Cleveland
laboratory between December 1944 and June 1945.

FUELS AND APPARATUS

The fuels tested wers chosen beceuse they represent most of the
Important classes of fuel used or considered for use in reciproceting
alrcraft englnes. The fuels are:

B-~4 reference fuel
28-R fuel
Aviatlon alkylete
Cyclohexane
Cyclopentane
Triptens
Diisopropyl
Triptane

Toluene

All of the fuels except 28-R were leaded to 4 ml TEL per gallom.

Three CFR englnes were used to obtain the date for this report.
For the tests on all of the fuels except cyclopentane, toluene, and
triptene, a CFR engine was equipped with a four-hole cylinder (part
No. 106074), dual ignition, end fuel- and air-metering systems similar
to those described in reference 3. The cooclant for this englne was a

mixgure of ethylene glycol and water that gave a boiling temperature of
250° F.

Because of anticipated high power levels in the tests of triptane,
cyclopentane, and toluene, some engine alterations were consldered
advisable. A CFR engine was equippod with a strengthened cylinder
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(part No. 109098) and tke test setup described in reference 4, ex-
cept for the following festures:
1. An anxiliary Intake-valve opring was lnstalled inaide the
standard spring when it was found 'r.hs.t a manlfold vressure over
&5 potnis per giuare: inch gage wouid opun the.im tdke valve.

‘2. An aluminuwn piston was used for the triptanse tes‘bs, which
corrosponded to part No. 106560D except thet the second ring land
wes doudls widih ard the diamster of this land was relieved
0.005 inch. With piston mart No. 10836CD, ccnsiderable trouble had
been ezperlenced wlth elthsr burning or brea.king of the second ring
land at high-poser operatlon.

, 9. A rresuure weter-c..oling systom wes installed and a Jacket-
outlet water tempesratiie malataired at 2500 F. Because of the
better cooullug cihaructoristics of water, 1L was hoped that the
lowor cylipdor-wall temparature at a constant ccolant temperature
would reduce the preiguitica eiwounbtoered at bhizh power.

During the toluene tests the coumecting rod troke Just bsiow
the piston-pin bose and Aawmulished the sacond engine. (9te fallure
occurrad wheir the enginme was operating at a comprvssion ratio of
.0, an inlet-air temperature of 3H0° F, end an indicated mean
effoctive pressurs ¢f 696 1b/sg in.)

The third engine wes set up exactly like the second except for
the followling two featurus: ’

1. The connsctiug rod was shot-peened before installation

2. Plston part No. 106360D was used with the secoxnd ring-la.nd.
" diameter relieved 0.005 inch.

Check tests using 28-R fuel indiceted that the krock-limited
Dower oubpubte were cnly slightly affected by the various design
alteratlons of the three engines. Simila® test data ohtained on
the three englnss are thorsfors consldered camparable. In tests
of all tae englnes, knock and preignition wewroe dstected by a
cathode~-ray oscilloscope in conjunction with a maguetostriction
dickup unit.

TEST PROCEIURE

Each fuel was tested at 11 sets of engine conditions covering
a wide range of severity. For a glven fuel and an inlet-air
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temperature of 250° ¥, the compression ratlo wes set at 5.0, 6.0, 7.3,
8.7, and 10.0 and a knock curve was run at each of these compression
ratios; likewlse, fcr a given fuel and a compression ratio of 8.0, the
inlet-ailr temperature was set at 100°, 150°, 20¢°, 250°, 300°, end
350° F.and a knock curve was run at each of these _nlet-air tempere.-
tures. The other engine conditions were:

Spark advance, deg@ B-TCs = ¢ ¢ « « o o o s ¢ s ¢ o s ¢« s s » » 30
Bpeed; ITHL .+ « » o o « « o+ o« s % o s o a o s e e s e s = &« s 1BOO
Coolant temperature, OF « « « + ¢ + ¢« ¢ 2« ¢ s ¢ o o « s « » 250
011 temperature, OF « « ¢ &« ¢ = + o o ¢ o « o o o ¢ s s« « « « 145

Although only knock-limited performance data are presented, the
curves are often incomplete (particularly at the high power levels)
because of the occurrence of preignition. The dato were taken at
the knock limits until the engine continued to “ire 15 to 30 seconds
after the 1gnition was turned off. Because no fuel~ or air-flow
moasurements were made wnder conditlons of occasional afterfiring,
the begirning of afterfiring is not noted on the curves but concur-
rent afterfiring 1s noted by tails on the knock~limited points. In
obtaining the data for triptans at a compression ratio of 5.0, the
power level was so high and afterfiring and prelgnition were so
prevalent that the data had to be taken within 15 seconds after the
ignition was turned on. For this reason, the data for the triptane
curve at a compression ratio of 5.0 may be in error. (The meximum
error 1s estimated to be about 50 l'b/sq in. indicated mean effective
pressure.)

Presentatlion of Datae

The knock-limited-performence date for the nine fuels 1s pre-
sented in figures 1 to 9. (Because of the wide range of power it
was necessary to use several ordinate scales for these plots.) The
correlation of the effects of compression ratio and inlet-air tem-
perature on the knock-limited performance of the nine fusls was made
by plotting the knock-limited compression-alr density agalnet the
campression-alr temperaturs (figs. 10 to 18). These compression
densitles and temperaturses were celculated from the formulas set up
in reference 2. The density factor 1s calculated by dividing the
alr flow to the cyllinder per inteke cycle by the clearance volume.
In terms of the cylincer-displacement volume end the compression
ratlo, the knock-limited compression-elr density 1s
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p =Alr =1)

R
vhere '

p coampression-alr denqity, pounds per cubic inch
A intake-air flow, pounds per minute
n intake cycles per mimte

r engine campresaslon ratlo
Vg engine displacement volme, cu'.bio inches

The temperature factor is calculated by the adia.ba.t:lc campression
formule

- Tor(7'1)
vhere

T compression-air temperatm,_%
T, intake-air temperature, °R

4 ratlo of specific heats of charge air at constant volume
and constant pressure (As in reference 1, a value of 1.41
was used for 7.)

In figures 10 to 18 knock-limited data obtalned 1n tests of
variable inlet-air temperature are shown by the plain date points;
the tailed date points denote varisble campression-ratio data. The
check of the correlation method wes determined by how well the plain
end teiled points fell along a single curve at any given fusl-air
ratio. (The test at a compression ratio of 8.0 and an inlet-air
temperature of 250° F is conmon to both sete of data.) Curves are
Presented for fuel-alr ratioe of 0.06, 0.07, 0.08, 0.09, 0.10, and
0.11. In the case of toluene, when preignition limited the extent
of the knock-limited data, other fuel-air retios were chosen to
check the correlation. On certain other correlation plots some of
the points are lacking because of incamplete data due to preignition.

TEST RESULTS AND DISCUSSION

Although this project wes set up primarily to check further
the correlation presented in reference 2 (figs. 10 to 18), other
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interesting features appear in the knock-limited-performance data
presented in figures 1 to 9. In some cases (of which the triptans
date is a noteble example), as the engine conditions become milder,
the fuel-alr ratlo of peak knock-limited power shifted toward the
stoichiometric. Thise trend occurred when the severlty of engine
conditions was eltered by variatiomns in either the compression ratio
or the inlet-alr temperature. No corresponding shift In the fuel-
air ratio of minimum power was cobserved.

As an Indication of the possible trends in fubturs reciprocating-
engine designs, broad ranges of knock-limited-power outputs are
permissible simply by choosing the various ranges of engine severity.
In the case of triptane in these tests, an elghtfold range of knock-
limited power outputs was obtalned. All the fuels tested also showed
reletively low knock-limited power cutputs at lean fuel-alir rat:los
and extrems engine conditions.

Greater chenges in knock-limited indiceted mean effective pres-
Bures were accamplished by variations of the compression ratio
through the practical limits than by changes in the inlet-air tem-
perature (figs. 1 to 9). Whereas a decrease 1n compression ratioc’ is
usually accampanied by an Increase in the fuel consumption, the
question of which method would be .the better for increasing the knock
limits of an aircraft engine depends upon the practicabﬂity of using
intercoolers and aftercocolers.

In connection with fuel-rating experiments, the data show that
no.generalized scale such as octanse numbér can be applled even to
members of a given class of hydrocarbons when broed ranges of engine
severity are encountered. For example, under mild conditions the
Performance of triptane was approximately twice as good as that of
S ‘-reference fuel; whereas at lean fuel-alr ratics and severe condi-
tions, S reference fuel gave better performance ‘than a.'L'L the other
fuala tested. » Including triptane. .

As indicated by the inlet-air-temperature curve of 130° F at
fusl-air Tatios ebove about 0.084 (fig. 8), increases of knock-
limited power may not always accompony decreases of inlet-alr tem-
Peraturse. This effect 1s also reflected in the positive slopes of
the curves of compression density agalnst campression temperature
in figure 17. Knock-limited data are lacking, because of preigni-
tion, for triptane at a compression ratio of 8.0 and an inlet-air
temperature of 100° and 150° F s except for three points at an
inlet-alr temperature of 150° F. The dotted curve was calculated
from the curves of campression density plotted against compression
temperature presented in figure 17 by the use of thpl identity
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, A X _iefc
SV v .-._zm'y’ix 2.576 X 107

vhere F/A 1s the fuel-alr ratio. This calculation 1llustrates
one spplication of the correletion.

Ap.the sevsrity of ongine ccnditicns was lessened for the
toluene tests, the kmock-limited psrformance curves beceme steeper
until, at a compression ratio of 6.0 and an inlet-ailr temperature
of 250° ¥, the operator could not determine knock anywhere below an
indicated mean effective pressure of 460 pounds per square inch,
when preignition halted further testing. A check at even milder
conditions also gave preignition before kmock. Similar resulte were
experienced at a compression ratio of £.0 and an inlet-alr tempera-
ture of 150° F. 15 result was expected on the basis of the curve
of compression density plotted against compression temperature common
to both sets of data (fig. 18). (Becuuse of the abserce of Imnck
within the peimissible test renge at the milder emgine conditlons,
the compression-density surface of fig. 22 wus extrapolated.)

In the Jargon of fuel teost engineers, the term " temperature
seneitivity” is apolied to explain a mvltitude of effects. No
miversal and clear-cut definition of temrerature seasitivity, how-
ever, oxists. The curves of knock-limited ccmpression density
Plotted egainet ccmpression tempersture presented herein suggest
that the slope of the curve of compression density plotted against
compression temperature would glve a precise measurement of tempera-
ature sensitivity. Whereas this definition is less general tansn the
all-inclusive statement of the Jargon, it is more general than tem-
perature sensitivities that are often calculated from knock-limited
indicated mean effective pressure data in that 1t includes the
effects of compression ratlo as well as inlet-air temperature. On
a CFR engine operating at constant speed, fuel-air ratio, and com-
pression ratio, where the correlation has been shown to be velld,
thls definition would be proportional to the rate of change of
knock-1limited indicated mean effective pressure with inlet-air tem-
Perature. As the. effects of other engine variables such as egpark
advance and coolant temperature are included in the correlatiocn, the
definltlion would become increasingly general.

As Jndged by the slopes of the curves of knock-limited compres-
slon denslty plotted against campression temperature presented in
flgures 10 to 18, the temperature sensitivities of 8 reference Ffuel,
28-R fuel, an aviation alkylate, and diilsopropyl were almost inde-
pendent of engine conditlons; the temperature sensitivity of triptane
decreased as the severity of the engine conditions decreased, wherees
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the temperature sensitivities of cyclopentans, cyclohexane, triptens,
and toluene increased as the severlity of the engine conditions
decreased.

If the hypothesls 1s correct that the knock limit of a fuel
can be represented In terms of compression density, compression
temperatize, and fuel-alr ratlo, then three-dimensional plots con-
taining these verilables should glve comprehensive indications of
the absolute knock-limlted performance of fuels. Such plots have
‘been prepared from figures 10 to 18 for the nine fuel components
studied and are presented in figures 19 to 22. For comparison pur-
poses, 5 reference fuel 1ls repeated on each of the plots with two
other fuels. On these charts visible boundary llnes and visible
intersections of the three knock-limited performance surfaces are
drawvn as solid lines. All invielble lines and intersections are shown
as dotted lines. The same color has heen used throughout the four
figures for S reference fuel but the other tvo colors have been used
to signify various fuels on these figures. The three-dimensional plots
give a rapld and adequate summary of the knock-limited performance of
the nine fusls tested in thils program.

SUMMARY OF RESULTS

The results of knock tests of nine fuels in a CFR englne at
11 sets of englne conditlons Involving varlatlions of Inlet-alr tem-
perature and compression ratlo are summarized as followa:

1. A good correlation of the effects of compression ratlo and
inlet-alr temperature upon the knock-limlted performance exlsts for
the nine fuels, comprising lsolated members of four classes of
hydrocarbons: aromatics, paraffins, cycloparaffins, end olefins.

2. For same of the fuels tested (of which triptene was a
notable exsmple) the fusl-air ratio of peak knock-limited power
decreased as the severlity of engine condlitions decreased; for a
glven fuel, the fuel-alr ratlo of minimuwn knock-limited power
remelined nearly constent regardless of engine severity.

3. As Judged by the slopes of the curves of knock-limited
canpression denslty plotted agalnat compresslon temperature, the
temperature sensitlvitles of 8 reference fuel, 28-R fuel, an
aviation alkylate, and dllsopropyl were almost independent of engine
conditions. The temperature sensitivity of triptane decreeased as
the severlty of the engine condlitlons decreased; whereas the tem-
perature sensitivities of cyeclohexane, cyclopentane, triptene, and
toluene increased as the severlty of englne conditlons decreased.



RACA ARR Ro. ESE13 9

4.. The data show that no geneirelized number such as octans

number can be applied evan to the members of a given clans of hydro-
carbons when broad ranges of engine severity are encountered. As
an erxample, at mild conditions ta'iptane gave a higher kmock limited
performance than the other paraffins tested; whereas at severe con-
ditions and lean fuel-air ratios, S reference fuel gave a better
rerformance than all of the fvels tesbed.

Alrcrait Engine Research Iaboratory,

1.

2.

3.

4.

Ratlonal Advisory Commlttee for Aeronautics,
Cleveland, Chio
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A for ecyclohexane plus 4 ml TEL per gallon,
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density, compression temperature, and fuel-air ratio using
S reference fuel, 28-R fuel, and triptane.
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Figure 20. - Correlation of knock-limited compression-air
density, compression temperature, and fuel-air ratio using
S reference fuel, diisopropyl, and cyclopentane.
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Figure 21. - Correlation of knock-limited compression-air
density, compression temperature, and fuel-air ratio using
S reference fuel, aviation alkylate, and triptene.
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Figure 22. - Correlation of knock—limited compression-air
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